Among our sensory systems, five senses (sight, hearing, touch, smell, and taste) receive the most attention, leaving our vestibular sense as the least understood. The vestibular system senses angular and linear acceleration of the head in three dimensions via a labyrinth of sense organs in the inner ear and generates compensatory eye/body movements (i.e., vestibulo-ocular reflexes, vestibulo-spinal reflexes) that stabilize visual images on the retina and adjust posture ([@r1][@r2][@r3]--[@r4]). These interactions allow us to maintain a clear vision of our external environment, while sensing the direction and speed of our body during our actual movement. These functions strongly suggest the integration of sensory and motor systems at different regions in the vestibular system ([@r5]).

Early anatomical tracer studies in rodents ([@r6][@r7]--[@r8]), cats ([@r9]), and primates ([@r10]) showed an extensive number of axonal projections coursing into and out of the vestibular nuclei, a brainstem region that connects the inputs from vestibular sense organs in the inner ear to other regions in the central nervous system. These studies showed that the vestibular nuclei receive inputs from all sensory modalities from both their respective peripheral sense organs and thalamic regions, indicating the importance of the vestibular system in multisensory integration. One excellent example of the multisensory integration process in the vestibular system is optokinetic nystagmus, whereby visual cues are used to induce compensatory reflexive eye movements to maintain a stable gaze while moving ([@r11], [@r12]). These eye movements involve inputs from the vestibular labyrinth, extraocular muscle tones through the oculomotor nerve, oculomotor nucleus (OMN) in the brainstem, visual-associated thalamus and cortices, and cerebellum into the vestibular nuclei, which integrate and mediate the fast and slow phases of the nystagmus response ([@r13][@r14]--[@r15]). In addition, reciprocal projections were found between the motor cortex (M1 & M2) and vestibular nuclei ([@r6][@r7][@r8][@r9]--[@r10]), which indicates that the vestibular nuclei integrate sensory and motor information to ensure accurate motor execution and control for self-motion perception, another key multisensory integration process in the vestibular system ([@r4]). Using diffusion-based magnetic resonance imaging (MRI) tractography, studies also found the existence of these projections in humans ([@r16]). Emerging evidence indicates that the vestibular system also plays a vital role in cognition ([@r3], [@r5], [@r17]), as spatial memory deficits occur following lesions to vestibular nuclei or sense organs ([@r18], [@r19]). Taken together, these studies highlight the multimodal nature of vestibular processing. We need comprehensive in vivo brain-wide investigations to reveal key regions vital in processing vestibular sensory information.

Blood oxygen level-dependent (BOLD) functional MRI (fMRI) maps localize brain functions by measuring neuronal activities throughout the brain in response to specific sensory or cognitive tasks in basic and clinical research populations. This approach revealed the topographical organization of sensory and motor regions ([@r20][@r21][@r22]--[@r23]). However, defining vestibular (i.e., balance-related, spatial orientation-related) regions and examining their functions via traditional fMRI mapping approaches is technically difficult. In general, subjects positioned inside a scanner during fMRI experiments are unable to perform vestibular tasks, such as head and body rotation and/or translation movements. To circumvent this limitation, current fMRI investigations in humans and animals utilize caloric ([@r24]), galvanic/electrical ([@r25][@r26]--[@r27]), and auditory vestibular-evoked myogenic potential (VEMP) ([@r28][@r29]--[@r30]) stimulation of the vestibular nerve.

Such stimulation techniques have provided much needed insights into the brain-wide regions that actively participate in processing vestibular input. However, limitations to these approaches, such as the specificity and nature of the stimulation, restrict their interpretation. Caloric stimulation only activates the horizontal ampullae inside the semicircular canals without affecting the other four vestibular sense organs in the inner ear ([@r31]). This technical caveat effectively limits the conclusions. In contrast, galvanic stimulation of the vestibular nerve simultaneously activates all five vestibular sense organs ([@r32]). Activating all four major vestibular nuclei simultaneously in a synchronized manner may not consistently occur under physiological conditions. Additionally, auditory VEMP stimulations, such as cervical VEMPs and ocular VEMPs, allow more specific stimulation of the inferior and superior vestibular nerve, respectively ([@r28], [@r29]), but likely only constitute a pure vestibular input without encompassing the multisensory integration processes in the vestibular system. Taken together, these techniques cannot stimulate individual vestibular nuclei: the major hub of multisensory ascending and descending projections of the vestibular system. Given these technical limitations, we still have incomplete visualization of brain-wide central vestibular pathways that mediate vestibular sensory information processing.

In this study, we sought to map and categorize the downstream targets of one of the four major vestibular nuclei, the medial vestibular nucleus (MVN), across multisynaptic pathways throughout the brain via the combined use of optogenetics and fMRI ([@r33], [@r34]). We selectively drove expression of the optogenetic construct channelrhodopsin-2 (ChR2) in the excitatory neurons of the MVN through a Ca^2+^/calmodulin-dependent protein kinase IIα (CaMKIIα) promoter. We then investigated the large-scale spatiotemporal distribution of downstream excitatory signal propagation from the MVN along central vestibular pathways and characterized the modulatory effects of MVN stimulation on auditory and visual processing at the cortical, thalamic, and midbrain regions.

Results {#s1}
=======

Brain-Wide fMRI Mapping of Downstream Signal Propagation from the MVN. {#s2}
----------------------------------------------------------------------

We expressed CaMKIIα-dependent ChR2(H134R) fused with mCherry in MVN excitatory neurons in normal adult Sprague--Dawley rats ([Fig. 1*A*](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S1*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812453116/-/DCSupplemental)). We confirmed specific expression in MVN excitatory neurons through colocalization of mCherry with CaMKIIα staining and verification of their monosynaptic projection targets to the contralateral MVN, contralateral OMN, and ipsilateral ventral anterior (VA) and ventral posterior (VP) thalamus that matched the findings documented in experiments cataloged in the Allen Mouse Brain Connectivity Atlas ([@r35]) and from published anatomical tracing studies ([@r1], [@r9], [@r6], [@r36][@r37]--[@r38]) ([*SI Appendix*, Fig. S1*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812453116/-/DCSupplemental)). Note that CaMKIIα promoter transfects broad subtypes of MVN excitatory neurons, and hence is unable to selectively transfect any individual subtypes of MVN excitatory neurons. We performed optogenetic stimulation in lightly anesthetized adult rats (1% isoflurane). Blue-light pulses at 20 Hz (pulse width = 10 ms, light intensity = 40 mW/mm^2^) were delivered to MVN neurons in a block-designed paradigm ([Fig. 1*B*](#fig01){ref-type="fig"}). This frequency matched the previously reported range of MVN neuronal firing rates (20--40 Hz) ([@r39]). The spatial spread from the fiber tip for 473-nm blue light was small (200 μm and 350 μm at 50% and 10% of initial light intensity, respectively) and had little or no spreading in the backward direction ([@r40]). Given the size of the MVN (∼1 mm), optogenetic stimulation was confined within the MVN. To deliver blue-light pulses to the target region, specifically the MVN excitatory neurons, we made the exposed optical fiber cannula opaque using heat-shrinkable sleeves to prevent light leakage that may cause undesired visual stimulation.

![Illustration of optogenetic fMRI stimulation setup and histological characterization of CaMKIIα::ChR2 viral expression in MVN excitatory neurons. (*A*) Confocal images of ChR2-mCherry expression in MVN: lower magnification (*Left*) and higher magnification (*Right*). An overlay of images costained for the nuclear marker DAPI, excitatory marker CaMKIIα, and mCherry revealed colocalization of mCherry and CaMKIIα in the cell body of MVN neurons (indicated by white arrows). (*B*, *Left*) Illustration of the stimulation site in ChR2 MVN excitatory neurons during optogenetic fMRI experiments. (*B*, *Center*) T2-weighted anatomical MRI image showing the location of the implanted optical fiber (asterisk indicates the stimulation site). (*B*, *Right*) Blue light pulses (20 Hz) with a pulse width of 10 ms were presented in a block-designed manner (20 s on and 60 s off, four blocks).](pnas.1812453116fig01){#fig01}

We detected robust large-scale BOLD fMRI activation bilaterally at numerous cortical, hippocampal formation, thalamic, and midbrain regions during 20-Hz ipsilateral MVN stimulation ([Fig. 2 *B* and *C*](#fig02){ref-type="fig"}). This result reveals recruitment of brain-wide and population-wide neural activity by the vestibular nucleus (VN). Notable activated regions include the sensorimotor cortices and their associated thalamus \[i.e., auditory: auditory cortex (A1 & A2) and medial geniculate body (MGB); visual: visual cortex (V1 & V2), lateral posterior thalamus (LP), and lateral geniculate nucleus (LGN); motor: M1 & M2 and VA; somatosensory: somatosensory cortex (S1 & S2) and VP\], high-order cortices involved in cognition \[retrosplenial cortex (Rsp), cingulate cortex (Cg), temporal association cortex (TeA), and parietal cortex (Pt)\], and the hippocampal formation involved in spatial navigation \[subiculum: parasubiculum (PaS), postsubiculum (PoS), ectorhinal cortex (Ect), entorhinal cortex (Ent), and dentate gyrus (DG)\]. Further, we found broad activation in the midbrain, which has extensive projections to thalamic and hippocampal formation regions \[mammillary nucleus (MM) and periaqueductal gray (PAG)\]. As expected, we also found activation of the OMN, an essential midbrain region mediating the vestibulo-ocular reflex.

![Brain-wide activation at cortical and subcortical regions upon optogenetic stimulation of MVN excitatory neurons. (*A*) Illustration of Paxinos atlas-based ([@r67]) region of interest (ROI) definitions in the vestibular and midbrain (green), thalamic (orange), cortical (purple), and hippocampal formation (blue) regions. AM, anteromedial thalamus; MCP, middle cerebellar peduncle; PrL, prelimbic cortex; VL, ventrolateral thalamus. (*B*) Averaged BOLD activation maps at 20-Hz optogenetic stimulation generated by fitting a canonical HRF to individual voxels in the fMRI image (*n* = 18; *P* \< 0.001; asterisk indicates the stimulation site). (*C*) BOLD signal profiles extracted from ROIs defined in *A* (error bars indicate ± SEM). (*D*) Summary of averaged area under the signal profiles at selected regions that showed significant differences in their activation strengths between hemispheres (error bars indicate ± SEM; \*\*\**P* \< 0.001, \*\**P* \< 0.01, and \**P* \< 0.05 by paired sample *t* test).](pnas.1812453116fig02){#fig02}

We also found significant differences in the BOLD activation strength between hemispheres at key regions related to sensorimotor functions and head-direction signal processing. In regions related to sensorimotor functions, the motor and somatosensory thalami ipsilateral to the stimulated MVN, VA and VP, showed stronger activity, while the M1 & M2 and cerebellar cortex (Cb) displayed stronger contralateral activations ([Fig. 2*D*](#fig02){ref-type="fig"}; *n* = 18; VA, *P* \< 0.01; VP, *P* \< 0.01; M1 & M2, *P* \< 0.05; Cb, *P* \< 0.001 by paired sample *t* test). In regions associated with processing head-direction signals, such as the anterodorsal thalamus (AD), Rsp, and hippocampal formation regions (i.e., PaS, PoS, Ect, Ent, and DG), we found activations biased to the contralateral hemisphere ([Fig. 2*D*](#fig02){ref-type="fig"}; *n* = 18; AD, *P* \< 0.01; Rsp, *P* \< 0.01; PaS, PoS, *P* \< 0.01; Ect, *P* \< 0.05; Ent, *P* \< 0.001; DG, *P* \< 0.001 by paired sample *t* test).

The above fMRI visualization of large-scale vestibulo-cortical downstream signal propagation demonstrates that evoked activations are not restricted to monosynaptic efferent projections from the MVN to midbrain and thalamic regions ([*SI Appendix*, Fig. S1*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812453116/-/DCSupplemental)). Together, these fMRI results indicate that excitatory signals evoked by optogenetic stimulation of the MVN robustly propagate to remote cortical regions polysynaptically.

Modulatory Effects of the Vestibular System on Auditory Processing. {#s3}
-------------------------------------------------------------------

To explore large-scale modulatory effects from the vestibular system on cortical and subcortical processing of auditory stimuli, we used a dual-stimulation paradigm with monoaural auditory stimulation and 20-Hz MVN optogenetic stimulation ([Fig. 3*A*](#fig03){ref-type="fig"}). Auditory stimulation was presented before (baseline), during optogenetic (OG; OG-On), and after (OG-Off) MVN stimulation. Note that we delivered optogenetic stimulation from 10 s before to 10 s after each sound-on period. This ensured that the BOLD response to sound was not contaminated by optogenetically evoked activations, particularly in the A1 & A2 and MGB.

![MVN optogenetic stimulation enhances responses in the ipsilateral A1 & A2, thalamus (MGB), and midbrain (IC) to sound. (*A*, *Left*) Illustration of auditory and optogenetic fMRI stimulation setup. Sound was presented monoaurally to the ear contralateral to the stimulated MVN of animals. (*A*, *Right*) Broadband noise (bandwidth: 1--40 kHz; sound pressure level: 90 dB) was presented in blocks of 20 s sound-on and 50 s sound-off before (baseline), during (OG-On), and after (OG-Off) 20-Hz optogenetic stimulation. Optogenetic blue-light pulses were presented from 10 s before to 10 s after each sound-on period. Typically, five baseline auditory fMRI scans were acquired before five OG-On scans were interleaved with five OG-Off scans. (*B*, *Top*) Illustration of atlas-based region of interest (ROI) definitions. (*B*, *Bottom*) Averaged BOLD activation maps before, during, and after 20-Hz optogenetic stimulation generated by fitting a canonical HRF to individual voxels in the fMRI image (*n* = 10; *P* \< 0.001). (*C*) BOLD signal profiles extracted from ROIs defined in *B* and their corresponding averaged area under the signal profile (error bars indicate ± SEM; \*\*\**P* \< 0.001, \*\**P* \< 0.01, and \**P* \< 0.05 by one-way ANOVA with post hoc Bonferroni correction). BOLD responses were enhanced in the ipsilateral A1 & A2, MGB, and IC during optogenetic stimulation. These findings indicate that the auditory pathway from the midbrain to the cortical level is modulated by central vestibular pathways.](pnas.1812453116fig03){#fig03}

Baseline monoaural auditory stimulation to the contralateral ear of animals evoked positive BOLD responses along the auditory pathway in the ipsilateral hemisphere, including the lateral lemniscus (LL), inferior colliculus (IC), MGB, and A1 & A2 ([Fig. 3*B*](#fig03){ref-type="fig"}). This finding was expected and consistent with our previous studies ([@r21], [@r41]). In the presence of optogenetic stimulation at the ipsilateral MVN, auditory-evoked BOLD responses significantly increased in the ipsilateral IC, MGB, and A1 & A2 ([Fig. 3*C*](#fig03){ref-type="fig"}; *n* = 10; ipsilateral IC, *P* \< 0.001; ipsilateral MGB, *P* \< 0.05; ipsilateral A1 & A2, *P* \< 0.01 by one-way ANOVA with post hoc Bonferroni correction). However, responses in the ipsilateral LL showed a trend toward increasing during ipsilateral MVN optogenetic stimulation but were not significant. In addition, BOLD responses did not appear to remain elevated in the ipsilateral IC and MGB after cessation of optogenetic stimulation during the ∼2.5-h experimental window ([Fig. 3*C*](#fig03){ref-type="fig"}). These findings demonstrate the differential modulatory effects of the vestibular system at different regions along the auditory pathway. Moreover, the results suggest that modulatory effects may be weak or absent at lower level auditory midbrain/brainstem regions (e.g., LL).

Modulatory Effects of the Vestibular System on Visual Processing. {#s4}
-----------------------------------------------------------------

We then took the same approach and examined large-scale modulatory effects of the vestibular system on visual processing. Despite drawing methodological parallels with the combined auditory and optogenetic stimulation experiment, we presented binocular, not monocular, visual stimulation ([Fig. 4*A*](#fig04){ref-type="fig"}). This provides an opportunity to examine the differences in modulatory effects between hemispheres, in addition to differences at regions along the visual pathway.

![MVN optogenetic stimulation enhances visually evoked responses in the ipsilateral visual cortex (V1 & V2), thalamus (LP and LGN), and contralateral subcortical SC. (*A*, *Left*) Illustration of visual and optogenetic fMRI stimulation setup. A visual stimulus was presented binocularly, while the ipsilateral MVN was optogenetically stimulated. (*A*, *Right*) Blue-light flash stimulus (frequency: 1 Hz at 10% duty cycle; intensity: 0.5 mW) was presented in blocks of 20 s flash-on and 50 s flash-off before (baseline), during (OG-On), and after (OG-Off) 20-Hz optogenetic stimulation. Optogenetic blue-light pulses were presented from 10 s before to 10 s after each flash-on period. Typically, five baseline visual fMRI scans were acquired before five OG-On scans were interleaved with five OG-Off scans. (*B*, *Top*) Illustration of atlas-based region of interest (ROI) definitions. (*B*, *Bottom*) Averaged BOLD activation maps before, during, and after 20-Hz optogenetic stimulation generated by fitting a canonical HRF to individual voxels in the fMRI image (*n* = 6; *P* \< 0.001). (*C* and *D*) BOLD signal profiles extracted from ROIs defined in *B* and their corresponding averaged area under the signal profile (error bars indicate ± SEM; \*\*\**P* \< 0.001, \*\**P* \< 0.01, and \**P* \< 0.05 by one-way ANOVA with post hoc Bonferroni correction). Optogenetic stimulation enhanced BOLD responses in the ipsilateral (Ipsi.) V1 & V2 and LGN, but not their contralateral (Contra.) counterparts. The opposite, however, was true for responses in the SC, which showed enhanced responses in the contralateral, not ipsilateral, SC. These findings indicate that the visual pathway is differentially modulated at thalamic and cortical regions and at the midbrain SC by central vestibular pathways.](pnas.1812453116fig04){#fig04}

Baseline visual stimulation evoked positive BOLD responses bilaterally along the visual pathway, including the LP and LGN, superior colliculus (SC), and V1 & V2 ([Fig. 4*B*](#fig04){ref-type="fig"}). This finding was expected and consistent with the previous studies ([@r22], [@r42], [@r43]). In the presence of optogenetic stimulation at the ipsilateral MVN, visually evoked BOLD responses significantly increased in the ipsilateral LP, LGN, and V1 & V2 ([Fig. 4*C*](#fig04){ref-type="fig"}; *n* = 6; ipsilateral LP and LGN, *P* \< 0.01; ipsilateral V1 & V2, *P* \< 0.05 by one-way ANOVA with post hoc Bonferroni correction). Responses in the contralateral LP and LGN and V1 & V2 showed a trend of decrease during ipsilateral MVN optogenetic stimulation but were not significant. Surprisingly, we found an enhanced response in the contralateral SC rather than an increase in the ipsilateral visual midbrain SC ([Fig. 4*C*](#fig04){ref-type="fig"}; *n* = 6; contralateral SC, *P* \< 0.001 by one-way ANOVA with post hoc Bonferroni correction). This finding parallels our observations in the auditory midbrain IC. BOLD responses also did not remain elevated in the ipsilateral LP and LGN, ipsilateral V1 & V2, and contralateral SC after cessation of optogenetic stimulation during the ∼2.5-h experimental window ([Fig. 4*C*](#fig04){ref-type="fig"}). These findings demonstrate an added dimension to the numerous factors that determine the differential modulatory effects of the vestibular system on sensory processing. In summary, we demonstrate that modulatory effects have hemispheric differences and are under the influence of the different functional roles played by individual regions along their respective sensory pathways (e.g., SC vs. IC).

Note that in all optogenetic fMRI experiments, we did not use the β values \[i.e., as generated via a general linear model by fitting a canonical hemodynamic response function (HRF) to each voxel in the fMRI image\] to quantify the activation strength for comparison across different regions ([Fig. 2*D*](#fig02){ref-type="fig"}) and different experimental conditions ([Figs. 3*D*](#fig03){ref-type="fig"} and [4*D*](#fig04){ref-type="fig"}). The reason was that the BOLD signal temporal profiles extracted ([Figs. 2*B*](#fig02){ref-type="fig"}, [3*C*](#fig03){ref-type="fig"}, and [4*C*](#fig04){ref-type="fig"}) showed some deviations from the canonical HRF, making the quantitation prone to errors and unsuitable for comparisons. Instead, we computed the area under the signal profile (more details are provided in [*SI Appendix*, *SI Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812453116/-/DCSupplemental)).

Discussion {#s5}
==========

The vestibular system differs vastly from other primary sensory systems, such as the auditory, visual, and somatosensory systems. These other systems are organized in a topographic and orderly fashion, whereby projections from peripheral sense organs course through a modality-specific primary thalamic nucleus before reaching their primary cortical targets (e.g., MGB to auditory cortex, AC, in the auditory system) ([@r44]). However, the vestibular system encompasses a more complex organization of its pathways with overlapping inputs from sense organs and other sensory thalamic nuclei to individual vestibular nuclei and numerous efferent projections from the vestibular nuclei across hemispheres to sensory/nonsensory midbrain regions and the hippocampal formation ([@r1], [@r45]). Moreover, unlike primary sensory processing, central vestibular processing is distributed across multiple regions ([@r46]). Given these complexities and challenges, studies to examine the broad range of neural targets of individual vestibular nuclei and explore the modulatory effects of the vestibular system on sensory processing remain scarce.

Here, we monitored large-scale neural responses during MVN optogenetic stimulation using brain-wide fMRI. Our fMRI results showed robust bilateral activations at numerous regions, such as sensorimotor cortices and their associated thalamic nuclei (i.e., auditory, visual, motor, somatosensory), higher order cortices involved in cognition (i.e., Rsp, Cg, TeA, Pt), and hippocampal regions involved in spatial navigation (i.e., subiculum, Ent, DG). During ipsilateral MVN stimulation, we also found significantly enhanced responses to auditory or visual stimulation in auditory and visual cortical and thalamic regions ipsilateral to the stimulated MVN (A1 & A2 and MGB, and V1 & V2, LP and LGN, respectively). We also found elevated responses in the auditory and visual midbrain, ipsilateral IC, and contralateral SC. These findings indicate differential effects of optogenetic stimulation on sensory-evoked responses along the auditory and visual sensory pathways. Together, these results successfully demonstrate the capability of using fMRI to map brain-wide central vestibular pathways and reveal large-scale modulatory effects of the vestibular system on sensory processing.

Mapping of Central Vestibular Pathways and the Question of Hemispheric Dominance. {#s6}
---------------------------------------------------------------------------------

Despite the wealth of evidence describing the anatomical projections within the vestibular system ([@r6], [@r7], [@r9], [@r47][@r48]--[@r49]) and key investigations through functional imaging (i.e., fMRI, positron emission tomography) ([@r25][@r26]--[@r27], [@r50], [@r51]), key questions remain. What is the spatial extent of vestibular processing in the brain? This question remains due to the unique technical challenges presented by stimulating the vestibular system and ensuring no movement artifacts (stationary and stable) during functional imaging, as well as the inability to stimulate each individual VN separately. One can argue that current advances in dense electrophysiological recordings would be advantageous in circumventing the need for subjects to remain still because recordings can be performed in freely moving subjects. However, it remains an unrealistic experimental proposition to place tens of recording electrodes that span the entire brain, particularly those that use invasive recordings in deep brain regions, such as the brainstem, thalamus, and hippocampus.

To achieve a more holistic visualization of the brain-wide central vestibular pathways, we deployed a strategy to circumvent the two aforementioned challenges. Instead of stimulating the vestibular labyrinth or nerve, we optogenetically stimulated the MVN. This approach yielded specificity to initiate activity from one of the four well-defined vestibular nuclei, ensure the animal remains stationary, and use large-view fMRI. We found activations at numerous subcortical and cortical regions not shown in previous functional imaging studies ([@r16], [@r26], [@r27], [@r51]), such as the MM, PAG, AD, and DG, as well as the PaS, PoS, Ect, Ent, V1 & V2, A1 & A2, M1 & M2, prelimbic cortex, and Cb. This finding demonstrates the strength of our approach in revealing the spatial extent of vestibular processing in the brain, specifically engaging the hippocampal formation and cortex, while corroborating direct projections between the MVN and thalamus or midbrain regions ([@r1], [@r9], [@r37]). We also observed more robust activations in posterior brain regions, specifically the DG, and in comparisons between sensory cortices (i.e., V1 & V2 and A1 & A2 vs. S1 & S2). This observation suggests a functional axis in central vestibular pathway organization for each VN.

What is the distribution of vestibular processing between and across the two hemispheres? Quantifying the activation strength of the BOLD signal profiles ([Fig. 2 *C* and *D*](#fig02){ref-type="fig"}) showed hemispheric differences in specific midbrain, thalamic, hippocampal formation, and cerebellar regions. The VA and VP showed significant ipsilateral dominance. Such observations corroborate our histological slices demonstrating direct ipsilateral projections to VA and VP ([*SI Appendix*, Fig. S1*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812453116/-/DCSupplemental)). Using similar adeno-associated virus (AAV)-mediated monosynaptic tracing methods, the Allen mouse brain connectivity atlas database also described these projections to the VA and VP (experiment ID 480689656) ([@r35]). However, the ipsilateral dominance in the VA and VP did not extend to the M1 & M2 and S1 & S2, suggesting that these two cortical regions do not linearly represent the responses from their associated thalamic nuclei ([@r52]). Interestingly, we found contralateral hemispheric dominance in activated hippocampal, thalamic, and high-order cortical regions, such as the PaS, PoS, Ect, Ent, DG, AD, and Rsp. Studies propose that these regions comprise the head direction pathway ([@r3], [@r5]). However, our histological slices showed predominant projections to the ipsilateral, not contralateral, AD ([*SI Appendix*, Fig. S1*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812453116/-/DCSupplemental)). We were unable to visualize the projections from the MVN to the hippocampal formation and cortical regions due to the limits of monosynaptic labeling using the AAV tracers ([@r40]). We also found contralateral dominance in the Cb and M1 & M2, indicating interactions and/or hemispheric lateralization of functions that may underlie compensatory motor actions during vestibular processing ([@r4]).

Based on our fMRI findings, we categorized four distinct central vestibular pathways from the MVN ([Fig. 5](#fig05){ref-type="fig"}), namely, the (*i*) vestibulo-midbrain-thalamo-cortical pathway, (*ii*) vestibulo-midbrain-thalamo-hippocampal formation and vestibulo-midbrain-hippocampal formation pathway, (*iii*) vestibulo-cerebellar pathway, and (*iv*) vestibulo-oculomotor reflex pathway. Critically, we presented direct evidence of activations in the AD and across numerous hippocampal formation regions (i.e., PaS, PoS, Ect, Ent, DG). This finding indicates that these regions actively participate in processing head direction signals and spatial perception, which were only suggested previously ([@r3], [@r5], [@r53], [@r54]), given their respective roles in spatial memory and navigation. Our fMRI findings also corroborated the previously published description of projection targets from the MVN to the cerebellum ([@r1]), sensory and motor thalamus ([@r37]), OMN in the midbrain ([@r13]), and contralateral MVN ([@r49]). Taken together, our fMRI observations of hemispheric dominance suggest functional differences in these different central vestibular pathways ([@r39], [@r55]). These findings will be crucial for future investigations of central vestibular processing.

![Categorization of distinct brain-wide central vestibular pathways activated by optogenetic stimulation of MVN excitatory neurons. We categorized four distinct pathways based on the activated regions detected by BOLD fMRI in [Fig. 2](#fig02){ref-type="fig"}. Note that the color used to define each region is scaled to the mean activation strength as quantified by the averaged area under the BOLD signal profile in [Fig. 2*C*](#fig02){ref-type="fig"}. The vestibulo-midbrain-thalamo-cortical pathway and ipsilateral VA and VP showed stronger activations than their contralateral counterparts. This indicates that monosynaptic projections from the site of stimulation in the ipsilateral MVN (\*) directly drove activation in the motor and somatosensory thalamus. In the vestibulo-midbrain-thalamo-hippocampal formation cortical and vestibulo-midbrain-hippocampal formation pathways, the majority of hippocampal formation regions (PaS, PoS, Ect, Ent, and DG), a cortical region (Rsp), and a thalamic region (AD) displayed stronger contralateral activations. These regions participate in processing head direction signals ([@r3], [@r5]). The vestibulo-cerebellum-cortical pathway displayed stronger activations at the contralateral Cb and M1 & M2, indicating key interactions underlying vestibulo-motor functions. In the vestibulo-oculomotor reflex pathway, both activated OMNs did not show hemispheric differences despite only receiving direct projections contralaterally from the MVN. AM, anteromedial thalamus.](pnas.1812453116fig05){#fig05}

Differential Modulatory Effects of the Vestibular System on Auditory and Visual Processing. {#s7}
-------------------------------------------------------------------------------------------

The vestibular system integrates input from our other dominant senses, such as audition, vision, and sensation, to create a multisensory percept with respect to our body's reference frame. Such integration is vital for accurate processing of bodily senses ([@r17], [@r56]). For example, the vestibulo-oculomotor pathway, which senses head rotational motion, produces an involuntary reflex in our eyes to ensure our perception of the visual field remains stationary. However, we do not know the extent of modulatory effects (if any) that the vestibular system exerts on sensory processing. In our study, we specifically addressed this in relation to auditory and visual processing at cortical, thalamic, and midbrain regions.

We found that activation of central vestibular pathways from the ipsilateral MVN enhanced both ipsilateral cortex and auditory and visual thalamic pathways (i.e., A1 & A2 and MGB, and V1 & V2, LP and LGN, respectively). However, we did not observe such enhancement in the contralateral V1 & V2 and thalamus, indicating differences in hemispheric modulatory effects by the vestibular system on sensory processing. Proposed multisensory processing mechanisms rely on hemispheric dominance or lateralization of vestibular functions ([@r38], [@r55], [@r57][@r58]--[@r59]). In particular, the activity dominance shown in our study shifted to the hemisphere ipsilateral to the stimulated vestibular labyrinth and VN. So, our observation of the enhancement at ipsilateral, not contralateral, cortical and thalamic regions suggests activating the vestibular system dynamically shifts the excitability of the auditory and visual pathways to bias the hemisphere ipsilateral to the MVN stimulation. When comparing the auditory and visual midbrain, we surprisingly discovered different hemispheric activations that showed enhanced ipsilateral IC and contralateral SC. This key observation indicates an additional factor that can influence the extent of modulatory effects across both hemispheres. Specifically, our findings suggest different functional roles that the SC and IC play in their respective sensory processing pathways. The SC can mediate visual saccades ([@r60]), which occur during the optokinetic nystagmus. So, the effect we observed in the contralateral, not ipsilateral, SC could reflect the strong bias exerted by the vestibulo-oculomotor pathway that predominantly projects to and activates the contralateral hemisphere, as shown in our finding ([*SI Appendix*, Fig. S1*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812453116/-/DCSupplemental)) and by others ([@r1], [@r61]).

Physiological Effects of a Strong Magnetic Field During MRI on the Vestibular System. {#s8}
-------------------------------------------------------------------------------------

Transient dizziness and vertigo in humans in the presence of a strong magnetic field, such as in the MRI scanner, have been reported as early as the 1990s ([@r62]). Experiments have been conducted to measure the psychophysiological correlates of the reported discomforts experienced by subjects in the high-field MRI scanners ([@r63]). While the outcomes of these measures strongly indicate the psychophysiological effects at a high magnetic field (e.g., 7 T), the sensations of transient dizziness and vertigo perceived by subjects have been inconsistent among studies and even subjects within the same study. However, these studies consistently reported robust nystagmus when subjects lay down inside the MRI scanner. It was proposed that magnetohydrodynamics forces, particularly the Lorentzian forces from the interactions between the magnetic field and ionic currents in the labyrinth, were pushing against the semicircular canal cupula and causing nystagmus ([@r64]).

It is worth noting that the bulk of literature on the effects of a static magnetic field on the vestibular system discussed above were studies of humans, but not animals. Although there are studies performed on rodents that showed physiological effects of high-field MRI scanners on the animal behavior ([@r65], [@r66]), there is a limited understanding of the large-scale effects of magnetic fields on the vestibular system. Indeed, these physiological effects can be complex, and more in-depth investigations to localize and identify the effects of a static magnetic field on the central nervous system during fMRI are desired in the future.

In summary, our results directly reveal brain-wide central vestibular pathways from the MVN that span multiple hierarchical levels, ranging from the brainstem to the thalamus, hippocampal formation, and cortex. In addition, we show the extent of large-scale modulatory effects of the vestibular system on visual and auditory processing. As such, this study presents the combined use of large-view fMRI, optogenetic neuromodulation, and external stimuli as a valuable means to dissect complex brain systems and their functions over a large scale. Our findings here will spur future in-depth investigations into the key mechanisms underlying activations of distinct central vestibular pathways and vestibular multisensory processing.

Methods {#s9}
=======

Animal Subjects. {#s10}
----------------

Adult male Sprague--Dawley rats were used in all experiments. Animals were individually housed under a 12-h light/dark cycle with access to food and water ad libitum. All animal experiments were approved by Committee on the Use of Live Animals in Teaching and Research of the University of Hong Kong. Three groups of animals were used: group I (*n* = 18) for optogenetic fMRI experiments, group II (*n* = 10) for combined auditory and optogenetic stimulation, and group III (*n* = 6) for combined visual and optogenetic fMRI experiments. Full details of animal surgical procedures, optogenetic stimulation paradigms, fMRI acquisition and analysis procedures, and histology are provided in [*SI Appendix*, *SI Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1812453116/-/DCSupplemental).

Data and Code Availability. {#s11}
---------------------------

The data that support the findings of this study and computer codes used are available from the corresponding author upon request.
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